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$OXPLQDVXSSRUWHGVSLQHO1L$O2DVDFDWDO\VWIRUUHIRUPLQJS\URO\VLVJDV 
/HL<X0LQ6RQJ3DXO7:LOOLDPV<XH[LQJ:HL 
0LQLVWU\RI(GXFDWLRQRI.H\/DERUDWRU\RI(QHUJ\7KHUPDO&RQYHUVLRQDQG&RQWURO6FKRRORI(QHUJ\DQG(QYLURQPHQW
6RXWKHDVW8QLYHUVLW\1DQMLQJ&KLQD 
6FKRRORI&KHPLFDO	3URFHVV(QJLQHHULQJ8QLYHUVLW\RI/HHGV/6-78. 
&RUUHVSRQGHQFHDXWKRU3KRQH)D[(PDLOPLQVRQJ#VHXHGXFQ 
25&,'0LQ6RQJ 
$EVWUDFW 
A spinel structure for NiAl2O4 in nickel-based alumina has a significant impact on catalytic performance. 
To illustrate the relationship between the textural properties of spinel and catalytic performance, four nickel-
based alumina catalysts using co-precipitation with different calcination temperatures were prepared and 
evaluated for the reforming of simulated pyrolysis gas (CH4+CO2) then applied to the reforming of gaseous 
products from rice husks pyrolysis. The results indicated that the spinel structure could improve the catalytic 
performance. Various characterization methods combined with mechanism analysis were applied to illustrate 
the contribution of surface properties and structure parameters of the spinel catalysts on catalytic performance. 
The influence of spinel structure in catalysts on the textural properties, the specific form of surface nickel 
species and the anti-coking ability of the catalysts have been established.Finally, the relationship between the 
spinel structure of the catalysts andthe catalytic reforming performance has been thoroughly explained. 
.H\ZRUGV6SLQHOVWUXFWXUH1LFNHOEDVHGDOXPLQD&DWDO\WLFSHUIRUPDQFH%LRPDVV3\URO\VLVUHIRUPLQJ 
  
2 
1. Introduction 
&XUUHQWO\SURGXFWLRQPHWKRGVRIWKHV\QJDV+DQG&2JHQHUDWLRQKDYHDWWUDFWHGPXFKDWWHQWLRQ$W
SUHVHQWLQGXVWULDOSURGXFWLRQRIV\QJDVLVPRVWO\IURPWKHFRQYHUVLRQRIIRVVLOIXHOVVXFKDVFRDOJDVLILFDWLRQ
  PHWKDQH UHIRUPLQJ  DQG SDUWLDO R[LGDWLRQ RI PHWKDQH   HWF +RZHYHU LQ FRQVLGHUDWLRQ RI WKH QRQ
UHQHZDEOHQDWXUHRIIRVVLOIXHOVDQGWKHHQYLURQPHQWDOLPSDFWFDXVHGE\JUHHQKRXVHJDVHVLWLVDJOREDOLQWHUHVW
WRILQGUHQHZDEOHDQGFOHDQHQHUJ\VRXUFHVDVDOWHUQDWLYHVWRIRVVLOIXHOV$EXQGDQWZRUOGZLGHELRPDVVFDQEH
REWDLQHGIURPYDULRXVFKHDSDQGQRQIRRGUHVRXUFHVVXFKDVHQHUJ\FURSVDJULFXOWXUDOUHVLGXHVRUJDQLF
ZDVWHVHWF7KHUHIRUHWKHUPRFKHPLFDOFRQYHUVLRQWHFKQRORJ\IRUELRPDVVHJJDVLILFDWLRQDQGS\URO\VLV
KDVEHHQFRQVLGHUHGDVDVXVWDLQDEOHPHWKRGIRUV\QJDVSURGXFWLRQEHFDXVHRIWKHLQH[SHQVLYHDQGUHQHZDEOH
QDWXUHRI WKH UDZPDWHULDO$PRQJYDULRXVELRPDVV WKHUPRFKHPLFDO FRQYHUVLRQ WHFKQRORJLHV D WZRVWDJH
S\URO\VLVUHIRUPLQJV\VWHPKDVEHHQXVHGWRFRQYHUWELRPDVVWRV\QJDVZKLFKSRVVHVVHVXQLTXHDGYDQWDJHV
7KHELRPDVVLVILUVWUDSLGO\S\URO\]HGLQWKHILUVWVWDJHDQGWKHGHULYHGYDSRUVH[FOXGLQJWKHELRFKDUUHWDLQHG
LQWKHILUVWVWDJHLVFDWDO\WLFDOO\UHIRUPHGLQWKHVHFRQGVWDJH7KHELRPDVVLVQRWPL[HGZLWKWKHFDWDO\VW
ZKLFK FDQ VLJQLILFDQWO\ UHGXFH WKH FDUERQ GHSRVLWLRQ RQ WKH FDWDO\VW VXUIDFH DQG LPSURYH LWV UHIRUPLQJ
SHUIRUPDQFH  
$VWDEOHDQGHIILFLHQWFDWDO\VWKDVDVLJQLILFDQWLPSDFWRQJDVLILFDWLRQDQGS\URO\VLV$PRQJYDULRXV
FDWDO\VWVQLFNHOEDVHGFDWDO\VWVVXSSRUWHGRQDOXPLQDKDYHEHHQW\SLFDOO\XVHGEHFDXVHRIWKHKLJKFDWDO\WLF
SHUIRUPDQFHDQGORZFRVW0XFKUHVHDUFKKDVIRFXVHGRQWKHPRGLILFDWLRQRIQLFNHOEDVHGDOXPLQDWKURXJK
WKH FRRSHUDWLRQRI WUDQVLWLRQPHWDO  DONDOLQH HDUWKPHWDO  DQG DONDOLPHWDO  LQ RUGHU WR DFKLHYH VWDEOH
FDWDO\VWVZKLFKFDQUHVLVWFRNLQJDQGVLQWHULQJHIIHFWLYHO\6RPHUHVHDUFKKDVVXJJHVWHGWKDWWKHSUHVHQFHRI
VSLQHOVWUXFWXUH LQQLFNHOEDVHGDOXPLQDFDWDO\VWVKDVDQ LPSRUWDQW LQIOXHQFHRQ WKHFDWDO\WLFSHUIRUPDQFH
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,QLWLDOO\WKHVSLQHOVWUXFWXUHZDVSURSRVHGLQQLFNHOEDVHGDOXPLQDFDWDO\VWVXVHGLQPHWKDQHUHIRUPLQJ$
VHULHVRIPL[HGR[LGHVFORVHWR1L$O2ZHUHUHSRUWHGXVLQJDVROJHOPHWKRGDQGWKHRSWLPXPSUHSDUDWLRQ
SURFHVVZDVDOVRREWDLQHG7KHHIIHFWRI1L$O2RQ1L$O2VWDELOLW\ZDVDOVRLOOXVWUDWHGGXULQJWKHGU\ 
reforming of methane. ,Q DGGLWLRQ WKH 1L$O2 FDWDO\VW ZDV UHSRUWHG IRU  V\QJDV SURGXFWLRQ YLD GU\
UHIRUPLQJRIPHWKDQHDQGWKHSK\VLFDOFKHPLFDOSURSHUWLHVRIWKHFDWDO\VWZDVGLVFXVVHG6RPHUHVHDUFKHV
DOVRSUHSDUHGWKHFDWDO\VWVGHULYHGIURP1L$O2XVLQJGLIIHUHQWPHWKRGVDQGDSSOLHGWKHPLQWRR[LGDWLYH
VWHDPUHIRUPLQJDQGVWHDPUHIRUPLQJRIPHWKDQH,WZDVGHPRQVWUDWHGWKDWDVSLQHO1L$O2FDWDO\VWLVDPRUH
HIILFLHQWFDWDO\VWZLWKYDULRXVFKHPLFDOQDWXUHFRPSDUHGZLWKFRPPHUFLDOFDWDO\VW$OVRWKHVSLQHO1L$O2
VWUXFWXUHZDVLGHQWLILHGWKDWSOD\HGDQLPSRUWDQWUROHLQWKHFDWDO\WLFSHUIRUPDQFHRI1L&D$O2;FDWDO\VWV
XVHGIRUS\URO\VLVVWHDPUHIRUPLQJRIELRPDVV+RZHYHUWKHVWUXFWXUDOFKDUDFWHULVWLFVRIVSLQHOFRQWDLQPDQ\
DVSHFWV:KLFKRQHLVHVVHQWLDOIRUGHWHUPLQLQJWKHFDWDO\WLFSHUIRUPDQFH"7KHUHODWLRQVKLSEHWZHHQWKHVSLQHO
VWUXFWXUHDQGFDWDO\WLFSHUIRUPDQFHKDVQRWEHHQFOHDUO\H[SORUHG7KHUHIRUHLWLVQHFHVVDU\WRLOOXVWUDWHZKDW
FDXVHVWKHVSLQHOVWUXFWXUHWRLPSURYHWKHFDWDO\WLFSHUIRUPDQFHRIQLFNHOEDVHGDOXPLQD  
7KHHIIHFWRI WKHVSLQHOVWUXFWXUHRQ WKHFDWDO\WLFSHUIRUPDQFHRIQLFNHOEDVHGDOXPLQDKDVQRZEHHQ
WKRURXJKO\ LQYHVWLJDWHG LQ WKLV VWXG\ )RXU QLFNHOEDVHG DOXPLQD FDWDO\VWV ZHUH SUHSDUHG XVLQJ WKH FR
SUHFLSLWDWLRQ PHWKRG DQG FDOFLQHG DW GLIIHUHQW WHPSHUDWXUHV7KH FDWDO\WLF SHUIRUPDQFH RI REWDLQHG VSLQHO
FDWDO\VWV ZDV LQYHVWLJDWHG IRU WKH UHIRUPLQJ RI VLPXODWHG S\URO\VLV JDV &+&2 WKHQ DSSOLHG WR WKH
UHIRUPLQJRIJDVHRXVSURGXFWVIURPULFHKXVNVS\URO\VLV,QDGGLWLRQYDULRXVFKDUDFWHUL]DWLRQPHWKRGVZHUH
DSSOLHGWRLOOXVWUDWHWKHWH[WXUDOSURSHUWLHVDQGVXUIDFHFKDUDFWHULVWLFSDUDPHWHUVRIFDWDO\VWVVRDVWRUHYHDOWKH
QDWXUHRIWKHLQIOXHQFHRIVSLQHOVWUXFWXUHRQWKHFDWDO\WLFSHUIRUPDQFHRIELRPDVVWKHUPRFKHPLFDOFRQYHUVLRQ 
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2. Materials and methods 
&DWDO\VWSUHSDUDWLRQ 
7KHFRSUHFLSLWDWLRQPHWKRGZDVDSSOLHGWRSUHSDUHWKHVSLQHO1L$O2FDWDO\VWV7KHDQDO\WLFDOO\SXUH
QLFNHOQLWUDWH 1L12ā+2DOXPLQXPQLWUDWH $O12ā+2DQGVRGLXPFDUERQDWH 1D&2ZHUH
XVHGDVWKHSUHFLSLWDWLRQSUHFXUVRUV7KHWRWDOPDVVFRQWHQWRIQLFNHOZDV7KHPL[HGVROXWLRQRIQLFNHO
QLWUDWHDQGDOXPLQXPQLWUDWHZDVFRSUHFLSLWDWHGZLWKWKHVROXWLRQRIVRGLXPFDUERQDWHXVLQJWZRSHULVWDOWLF
SXPSVLQDEHDNHUSODFHGLQPDJQHWLFVWLUUHUDW&$IWHUFRSUHFLSLWDWLRQWKHVXVSHQVLRQZDVDJHGIRU
PLQWRPDNHWKHJUDLQJURZWKHQWKHSUHFLSLWDQWZDVFROOHFWHGE\ILOWUDWLRQZDVKHGWRQHXWUDODQGGULHGDW
&7KHGULHGSURGXFWZDVFDOFLQHGIRUPLQDW&&&DQG&XQGHUQLWURJHQ
DWPRVSKHUHUHVSHFWLYHO\7KHIRXUIUHVKFDWDO\VWVREWDLQHGZHUHGHQRWHGDV1$1$1$DQG
1$UHVSHFWLYHO\7KHGHWDLOHGSUHSDUDWLRQFRQGLWLRQVFDQEHIRXQGLQ7DEOH6 
(YDOXDWLRQRIFDWDO\WLFSHUIRUPDQFH 
7KH PDLQ JDV FRPSRQHQWV RI ELRPDVV S\URO\VLV DUH &+ &2 &2 +2 + HWF7KH UHIRUPLQJ RI
JDVHRXVSURGXFWVIURPELRPDVVS\URO\VLVFDQEHFRQVLGHUHGDVPL[HGUHIRUPLQJLQFOXGLQJGU\UHIRUPLQJDQG
VWHDP UHIRUPLQJ RI K\GURFDUERQ 'U\ UHIRUPLQJ LV RQH RI WKH NH\ UHDFWLRQV ZKLFK FRXOG OHDG WR FDUERQ
GHSRVLWLRQRI FDWDO\VW7KHUHIRUHZH VHOHFWHG WKH FRPSRQHQWVRI &+ DQG&2 WR VHUYH DV WKH VLPSOLILHG
VLPXODWHGS\URO\VLVJDVHRXVSURGXFWVWRHYDOXDWHWKHSHUIRUPDQFHRIVSLQHOVWUXFWXUHFDWDO\VWV7KHSUHSDUHG
FDWDO\VWV ZHUH WKHQ DSSOLHG LQWR WKH UHDO S\URO\VLVUHIRUPLQJ V\VWHP WR UHYHDO WKH FDWDO\WLF UHIRUPLQJ
SHUIRUPDQFHRIJDVHRXVSURGXFWVIURPULFHKXVNVS\URO\VLV 
&DWDO\WLFUHIRUPLQJRIVLPXODWHGS\URO\VLVJDV 
)LUVWO\WKHFDWDO\VWVZHUHDSSOLHGWRWKHUHIRUPLQJRIVLPXODWHGS\URO\VLVJDVXVLQJDIL[HGEHGUHDFWRU
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VKRZQLQ)LJXUH6$JFDWDO\VWEHWZHHQDQGPHVKHVZDVORDGHGLQWRDVWDLQOHVVVWHHOWXEHRI
PPLQGLDPHWHU%HIRUHUHIRUPLQJWKHFDWDO\VWVZHUHUHGXFHGLQDSXUHK\GURJHQDWPRVSKHUHZLWKDIORZ
UDWHRIP/PLQDWWKHVSHFLILFWHPSHUDWXUHEDVHGRQWKHUHVXOWVRI+WHPSHUDWXUHSURJUDPPHGUHGXFWLRQ
7KHUHGXFWLRQZDVNHSWIRUKDQGWKHQIOXVKHGXQGHUD1IORZRIP/PLQ7KH1VHUYHGDVDFDUULHUJDV
WRPDLQWDLQDWPRVSKHULFSUHVVXUHDQGNHSWWKHWRWDOIORZFRQVWDQW7KHJDVFRPSRVLWLRQZDVDQDO\]HGE\D*DV
FKURPDWRJUDSK*&.HMLH&KLQDHTXLSSHGZLWK7&'DQG),'GHWHFWRUVDQGFDSLOODU\FROXPQ 
7RHYDOXDWHWKHFDWDO\WLFSHUIRUPDQFHVRPHSDUDPHWHUVDUHGHILQHG7KH&+FRQYHUVLRQUDWLRLVGHILQHG
DVIROORZV ߯஼ுర ൌ ி೔೙ǡ ಴ಹరିி೚ೠ೟ǡ ಴ಹరி೔೙ǡ ಴ಹర                                 
:KHUH ܨ௜௡ǡ஼ுర  LVWKH&+IORZUDWHLQLQSXWJDVDQG ܨ௢௨௧ǡ஼ுర LVWKH&+IORZUDWHLQSURGXFWV 
7KH&2FRQYHUVLRQUDWLRLVGHILQHGDVIROORZV ߯஼ைమ ൌ ி೔೙ǡ಴ೀమିி೚ೠ೟ǡ಴ೀమி೔೙ǡ಴ೀమ                                 
:KHUH ܨ௜௡ǡ஼ைమ  LVWKH&2IORZUDWHLQLQSXWJDVDQG ܨ௢௨௧ǡ஼ைమ LVWKH&2IORZUDWHLQSURGXFWV 
7KH+VHOHFWLYLW\LVGHILQHGDVIROORZV ߯ுమ ൌ ி೚ೠ೟ǡಹమሺி೔೙ǡ಴ಹరିி೚ೠ೟ǡ಴ಹరሻכଶ                               
:KHUH ܨ௢௨௧ǡுమ LVWKH+IORZUDWHLQSURGXFWV  
5HDOS\URO\VLVUHIRUPLQJRIELRPDVV 
7KHIRXUDVSUHSDUHGFDWDO\VWVZHUHWKHQDSSOLHGWRWKHUHIRUPLQJRIJDVHRXVSURGXFWVIURPULFHKXVNV
S\URO\VLVWRLOOXVWUDWHWKHFDWDO\WLFSHUIRUPDQFH$WZRVWDJHUHDFWRULQ)LJXUH6%ZDVXVHGLQWKLVZRUN
,QWKHILUVWVWDJHUHDFWRU WKHULFHKXVNVZHUHGHFRPSRVHGLQWRS\URO\VLVYDSRUV WKHQSDVVHGWRWKHVHFRQG
VWDJHIRUFDWDO\WLFVWHDPUHIRUPLQJ7KHFDWDO\VWZDV ORDGHG LQ WKHVHFRQGVWDJH)RUHDFKH[SHULPHQW1
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VHUYHGDVWKHFDUULHUJDVZLWKDIORZUDWHRIP/PLQJRIULFHKXVNVDQGJIUHVKFDWDO\VWZHUHORDGHG
LQWKHILUVWDQGVHFRQGVWDJHUHVSHFWLYHO\7KHVHFRQGVWDJHZDVILUVWO\KHDWHGWR&XQWLOWKHWHPSHUDWXUH
ZDVVWDELOL]HG7KHQWKHILUVWVWDJHS\URO\VLVVHFWLRQZDVKHDWHGWR&DWDKHDWLQJUDWHRI&PLQ
:KHQWKHILUVWVWDJHVWDUWHGWREHKHDWHGWKHZDWHUZRXOGEHLQMHFWHGWRWKHVHFRQGVWDJHXVLQJDV\ULQJHSXPS
ZLWKDIORZUDWHRIP/KVRDVWRSURGXFHVWHDPDVWKHUHIRUPLQJDJHQW7KHWRWDOUHDFWLRQWLPHIRUHDFK
H[SHULPHQWZDVDERXWPLQ  
7KH OLTXLG SURGXFWV ZHUH FROOHFWHG E\ WZR FRQGHQVHUV ZKLFK ZHUH DLU FRROHG DQG GU\LFH FRROHG
UHVSHFWLYHO\7KHXQFRQGHQVHGJDVHVZHUHFROOHFWHGE\D/JDVVDPSOHEDJWKHQDQDO\]HGE\WZRRIIOLQH
JDVFKURPDWRJUDSKVUHSRUWHGLQRXUSUHYLRXVZRUN,WLVQRWHGWKDWWKHRLOSURGXFWZDVQRWHYDOXDWHGLQWKLV
ZRUNEHFDXVHK\GURJHQHQULFKHGJDVZDVWKHWDUJHWSURGXFW7KHJDVFKDUUHVLGXH\LHOGDQGPDVVEDODQFH
ZHUHFDOFXODWHGYLD(TUHVSHFWLYHO\ 
( ) weight of gasGas yield wt % = * %
weight of biomass sample 
100                    ˄˅ 
( ) weight of char residueChar residue yield wt % = * %
weight of biomass sample 
100                 ˄˅ 
( ) weight of gas  char residue, and liquidMass balance wt % = * %
weight of biomass sample + weight of injected water
ˈ
100        ˄˅ 
&KDUDFWHUL]DWLRQRIFDWDO\VWV 
9DULRXVFKDUDFWHUL]DWLRQPHWKRGVZHUHDSSOLHGWRLQYHVWLJDWHWKHVXUIDFHSURSHUWLHVRIWKHFDWDO\VWV7KH
+WHPSHUDWXUHSURJUDPPHGUHGXFWLRQ+735)LQH6RUE)LQHWHF&KLQDZDVDSSOLHGWRLQYHVWLJDWH
WKHVXUIDFHQLFNHOVSHFLHVRIFDWDO\VWV WKHUHGXFLELOLW\RIIUHVKFDWDO\VWVDQGWKHLQWHUDFWLRQEHWZHHQDFWLYH
PHWDO DQG VXSSRUW 7KH ;UD\ GLIIUDFWLRQ ;5' 6PDUW ODE  5LJDNX -DSDQ ZDV XVHG WR LOOXVWUDWH WKH
FU\VWDOOLWHVL]HDQGFU\VWDOVWUXFWXUHRIIUHVKFDWDO\VWV7KHVXUIDFHVWUXFWXUHSDUDPHWHUVDQG1DGVRUSWLRQ
GHVRUSWLRQLVRWKHUPVRIGLIIHUHQWFDWDO\VWVZHUHREWDLQHGE\DVSHFLILFVXUIDFHDUHDDQGSRUHVL]HDQDO\]HU9
7 
6RUE3*ROG$33&KLQD7KHFRNHGHSRVLWHGRQFDWDO\VWVVXUIDFHIRUUHIRUPLQJRIVLPXODWHGS\URO\VLV
JDV ZDV FKDUDFWHUL]HG E\ 2WHPSHUDWXUH SURJUDPPHG R[LGDWLRQ 2732 FRQGXFWHG XQGHU  2
DWPRVSKHUH )LQH6RUE )LQHWHF &KLQD &DWDO\VWV ZHUH DOVR DQDO\]HG XVLQJ WUDQVPLVVLRQ HOHFWURQ
PLFURVFRS\7(07HFQDL*))(,86$WRREWDLQWKHGHWDLOHGPRUSKRORJ\RIIUHVKFDWDO\VWV 
3. Results and discussion 
&KDUDFWHUL]DWLRQRIWKHIUHVKFDWDO\VWV 
6XUIDFHPRUSKRORJ\DQDO\VLVRIIUHVKFDWDO\VWV  
)LUVWO\WKHGHWDLOHGPRUSKRORJ\RIIRXUIUHVKFDWDO\VWVZDVLOOXVWUDWHGE\7(0XQGHUWKHUHVROXWLRQRI
QPDQGQPDVVKRZQLQ)LJXUH)URPWKHLPDJHVXQGHUQPUHVROXWLRQWKHPRUSKRORJ\RIWKHFDWDO\VWV
KDVREYLRXVFKDQJHVIURP&WR&,WFDQEHREVHUYHGWKHSDUWLFOHVL]HRIFDWDO\VW1$FDOFLQHG
DW&LVODUJHUWKDQWKDWRIWKHFDWDO\VW1$SUHSDUHGDW&=RRPLQJWRQPUHVROXWLRQEDVHGRQ
WKHHQODUJHPHQWRIORFDOUHJLRQVKRZQLQWKHLPDJHVWKHSULVPDWLFVWUXFWXUHRIVSLQHOFRXOGEHREVHUYHGLQ
FDWDO\VW1$1$DQG1$EXWH[FHSW1$7KHFU\VWDOSODQHVSDFLQJRIVSLQHORQWKHVXUIDFH
RIWKUHHFDWDO\VWVLVDERXWQPZKLFKLVFORVHWRWKHFU\VWDOSODQHRIVSLQHO$QGWKHIRUPDWLRQ
RIWKHODWWLFHRIVSLQHOR[LGHZDVFRQILUPHGE\;UD\GLIIUDFWLRQDQG+735UHVXOWVEHORZ 
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)LJXUH7(0LPDJHVRIIRXUIUHVKFDWDO\VWV 
&U\VWDOOLWHVWUXFWXUHDQDO\VLVRIIUHVKFDWDO\VWV 
7RYHULI\WKHVSLQHOVWUXFWXUHRQFDWDO\VWVWKHIRXUIUHVKFDWDO\VWVEHIRUHUHGXFWLRQZHUHFKDUDFWHUL]HGE\
;5'WRYDOLGDWHWKHIRUPDWLRQRIWKHODWWLFHRIVSLQHOR[LGHDQGWKHFU\VWDOVL]HZDVDOVRFDOFXODWHGEDVHGRQ
6FKHUUHUHTXDWLRQ6LQFHWKHFDWDO\VWVZHUHQRW\HWUHGXFHGQLFNHOH[LVWVLQWKHIRUPRIQLFNHOR[LGHLQWKH
FDWDO\VWV$VFDQEHVHHQIURPWKH;5'SDWWHUQVLQ)LJXUHWKHVXUIDFHFU\VWDOVWUXFWXUHLVYDULRXVIRUIRXU
FDWDO\VWVZLWKGLIIHUHQWFDOFLQDWLRQ WHPSHUDWXUHV)RUWKHFDWDO\VW1$ WKHUHDUHRQO\1L2SKDVHș 
DQGDQG$O2SKDVHș DQGRQWKHFDWDO\VWVXUIDFHZKLOHWKH
VSLQHOVWUXFWXUH1L$O2LVQRWGHWHFWHG$QGWKHSHDNDWLVWKHFRPELQDWLRQRI1L2DQG$O2SKDVHV
:KHQWKHFDOFLQDWLRQWHPSHUDWXUHZDVLQFUHDVHGWKHSKDVHRIVSLQHO1L$O2FRXOGEHREVHUYHGRQWKH;5'
SDWWHUQVRIRWKHUFDWDO\VWV)RUWKHFDWDO\VW1$WKHFKDUDFWHULVWLFSHDNVRIVSLQHOFDQEHREVHUYHGLQWKH
YLFLQLW\RIDQG+RZHYHUWKHSHDNVRI$O2DQG1L2DOVRFDQEHREVHUYHGDWDQG
UHVSHFWLYHO\LQDGGLWLRQWRWKHFRLQFLGHQFHSRVLWLRQVZLWKVSLQHO7KLVLQGLFDWHVWKDWWKHUHLVDFRH[LVWHQFH
RIQLFNHOR[LGHSKDVHDOXPLQDSKDVHDQGVSLQHOSKDVHLQWKHFDWDO\VW1$:KLOHIRUWKHFDWDO\VW1$
9 
DQG1$VHSDUDWHSHDNVRI$O2DQG1L2FDQQRWEHREVHUYHG7KHH[LVWHQFHRI1L$O2SKDVHFRXOGEH
HYLGHQFHGE\WKHGLIIUDFWLRQSHDNDWDQG6RPHFKDUDFWHULVWLFSHDNVRI
VSLQHOFRYHUWKHSHDNSRVLWLRQVRI$O2DQG1L2,WFDQEHFRQVLGHUHGWKDWWKHQLFNHOR[LGHFRPSRQHQWPDLQO\
H[LVWVLQWKHIRUPRIVSLQHOVWUXFWXUHLQWKHVHWZRFDWDO\VWV  
,QRUGHUWRLOOXVWUDWHWKHHIIHFWRIVSLQHOVWUXFWXUHRQWKHFU\VWDOVL]HRIQLFNHOVSHFLHV WZR;5'SHDN
SRVLWLRQVQHDUDQGZHUHVHOHFWHGWRFDOFXODWHWKHFU\VWDOOLWHVL]HDVSUHVHQWHGLQ7DEOH,WFDQEH
IRXQGWKDWWKHFU\VWDOVL]HRIQLFNHOVSHFLHVLQWKHIRUPRIVSLQHOLVVPDOOHUWKDQWKDWLQWKHIRUPRI1L2ZKLFK
LVQRWFRPELQHGZLWK$O27KHKLJKHUWKHFDOFLQDWLRQWHPSHUDWXUHWKHVPDOOHUWKHFU\VWDOVL]HRIWKHVSLQHO
VWUXFWXUHFDWDO\VW7KHVPDOOHUFU\VWDOVL]HFRXOGFRQWULEXWHWRDQWLFRNLQJRIWKHFDWDO\VWV 
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)LJXUH;5'DQDO\VLVRIIUHVKFDWDO\VWV1L$O21L2$O2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7DEOH3DUWLFOHVL]HRIVSLQHO1L$O2LQFDWDO\VWV 
7KHWD &U\VWDO6L]HQP 1$ 1$ 1$ 1$ 
     
     
1LFNHOVSHFLHVDQDO\VLVRQFDWDO\VWVVXUIDFH 
7KHVSLQHOVWUXFWXUHLQFDWDO\VWKDVDVLJQLILFDQWLPSDFWRQWKHQLFNHOVSHFLHVRQWKHFDWDO\VWVXUIDFH7R
LGHQWLI\WKHQLFNHOVSHFLHVSUHVHQWHGLQHDFKVDPSOHDQGWKHLUUHGXFLELOLW\WKHDQDO\VLVRIWKHIRXUV\QWKHVL]HG
FDWDO\VWVE\+735ZDVSHUIRUPHG7KHUHVXOWVDUHSUHVHQWHGLQ)LJXUH,QVRPHUHVHDUFKHVWKHQLFNHO
VSHFLHV ZHUHGLYLGHG LQWR WKUHH W\SHVGHSHQGLQJRQ WKHGLIIHUHQW UHGXFWLRQ WHPSHUDWXUH WKH IUHH1L2 WKH
³VXUIDFH 1L$O2´ DQG WKH FU\VWDOOLQH VSLQHO 1L$O2 $QRWKHU UHVHDUFKHV   DOVR UHSRUWHG WKH VDPH
SKHQRPHQRQLQQLFNHOEDVHGDOXPLQDDQGQDPHGWKHUHGXFLEOH1LVSHFLHVZLWKĮȕDQGȖ+RZHYHULWVKRXOG
EHQRWLFHGWKDWWKHUHLVDOVRDUHGXFWLRQSHDNRIQLFNHOVSHFLHVLQWKHLUUHVXOWVZKHQWKHWHPSHUDWXUHLVOHVVWKDQ
ćZKLFKWKH\ERWKQHJOHFWHG6RZHPDNHDFKDQJHWRWKHZD\WKHQLFNHOVSHFLHVGLYLGHG7KHQLFNHO
VSHFLHVLQWKHSUHSDUHGFDWDO\VWVFRXOGEHGLYLGHGLQWRIRXUW\SHVLQ)LJXUHZKHUHDVWKH1L2VSHFLHVZLWKD
UHGXFWLRQWHPSHUDWXUHEHORZ&FRUUHVSRQGHGWRWKHIUHH1L2WKH1L2$O2VSHFLHVZLWKDUHGXFWLRQ
WHPSHUDWXUHDW&FRUUHVSRQGHGWRWKH1L2MXVWVXSSRUWHGRQ$O2WKHEXON1L$O2VSHFLHVZLWK
UHGXFLELOLW\ DW PRGHUDWH WHPSHUDWXUHV  & ZHUH LGHQWLILHG DV 1L LRQV WKDW DUH QRW FRPSOHWHO\
LQWHJUDWHG LQWR WKH VSLQHO DQG WKH VSLQHO 1L$O2 VSHFLHV ZLWK D UHGXFWLRQ WHPSHUDWXUH RYHU  &
FRUUHVSRQGHGWRWKH1L2LQVSLQHOVWUXFWXUH,QDGGLWLRQQRUHGXFWLRQSHDNVRIDOXPLQDVXSSRUWZHUHREVHUYHG
LQWKLVUHGXFWLRQWHPSHUDWXUHUDQJH  
)RUWKHFDWDO\VW1$FDOFLQHGDW&LWLVREVHUYHGWKUHHUHGXFWLRQSHDNVZKLFKFRXOGEHDVFULEHG
11 
WRWKHIUHH1L2VSHFLHVDURXQG&WKH1L2$O2VSHFLHVDURXQG&DQGWKHEXON1L$O2VSHFLHV
ZLWKUHGXFLELOLW\DW&7KHPDLQQLFNHOVSHFLHVDUHWKH1L2$O2DQGWKHEXON1L$O2VSHFLHV:KLOH
IRUWKHFDWDO\VW1$FDOFLQHGRYHU&DOOIRXUNLQGVRIQLFNHOVSHFLHVFRXOGEHREVHUYHGRQWKHFXUYHV
7KH SDUW RI EXON 1L$O2 VSHFLHV FRQYHUWHG LQWR WKH VSLQHO VWUXFWXUH ZLWK WKH LQFUHDVLQJ RI FDOFLQDWLRQ
WHPSHUDWXUH :KHQ WKH FDOFLQDWLRQ WHPSHUDWXUH H[FHHGV  & WKHUH LV DOPRVW QR QLFNHO R[LGH RI EXON
1L$O2VSHFLHVLQWKHFDWDO\VWV1$DQG1$7KHUHGXFWLRQSHDNVKLIWVWRKLJKHUWHPSHUDWXUH7KH
FRQWUDVWHGSHDNDUHDDOVRVKRZVDQLQFUHDVLQJSURSRUWLRQRIVSLQHOVWUXFWXUHZKLOHRWKHUIRUPVRIQLFNHOR[LGH
VSHFLHVDUHEHFRPLQJOHVV:KHQWKH1L2FRQYHUWHGIURP1L2$O2VSHFLHVWRVSLQHOVSHFLHVWKHLQWHUDFWLRQ
EHWZHHQQLFNHODQGDOXPLQDZLOOEHHQKDQFHGZKLFKFRXOGFRQWULEXWHWRWKHUHVLVWDQFHWRFDWDO\VWVLQWHULQJ
&RPELQHGZLWKWKHUHVXOWVRI7(0;5'DQG+735ˈLWFDQEHGHWHUPLQHGWKDWWKHVSLQHOVWUXFWXUHRIWKH
FDWDO\VWFDQEHIRUPHGDWDFDOFLQDWLRQWHPSHUDWXUHDERYH&0RVWRIWKHQLFNHOVSHFLHVDUHSUHVHQWHGLQ
WKHIRUPRIDVSLQHOVWUXFWXUHZLWKDFDOFLQDWLRQWHPSHUDWXUHRYHU&,WLVZHOONQRZQWKDWWKHKLJKHUWKH
UHGXFWLRQWHPSHUDWXUHRIQLFNHOVSHFLHVWKHVWURQJHUWKHLQWHUDFWLRQEHWZHHQDFWLYHPHWDODQGVXSSRUWDQGWKH
EHWWHU WKH VLQWHULQJ UHVLVWDQFH RI WKH FDWDO\VW  )RU QLFNHOEDVHG DOXPLQD FDWDO\VWV WKH VSLQHO VWUXFWXUH
LPSURYHVWKHLQWHUDFWLRQEHWZHHQDFWLYHPHWDODQGVXSSRUWZKLFKLVFRQGXFLYHWRWKHSURSHUW\RIVLQWHULQJ
UHVLVWDQFHRIWKHFDWDO\VW 
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)LJXUH+735RIIRXUIUHVKFDWDO\VWV 
6SHFLILFVXUIDFHDUHDDQGSRUHVWUXFWXUHSDUDPHWHUV 
7KHFDWDO\WLFUHDFWLRQRIKHWHURJHQHRXVFDWDO\VWVLVDSURFHVVLQYROYLQJDGVRUSWLRQVXUIDFHUHDFWLRQDQG
GHVRUSWLRQ7KHUHIRUHWKHVXUIDFHSRUHVWUXFWXUHRIWKHFDWDO\VWLVFORVHO\UHODWHGWRWKHFDWDO\WLFSHUIRUPDQFH
7KHVSLQHO1L$O2DOVRKDVDQLQIOXHQFHRQWKHVXUIDFHSRUHVWUXFWXUHSURSHUWLHVRIWKHFDWDO\VWV7RLOOXVWUDWH
WKLVLPSDFWWKHVSHFLILFVXUIDFHDUHDSRUHVWUXFWXUHSDUDPHWHUVDQG1DGVRUSWLRQGHVRUSWLRQLVRWKHUPVRIWKH
13 
IRXU IUHVK FDWDO\VWV ZHUH GHWHUPLQHG E\ WKH %UXQDXHU(PPHWW7HOOHU %(7 PHWKRG DQG WKH UHVXOWV DUH
SUHVHQWHGLQ7DEOHDQG)LJXUHUHVSHFWLYHO\7KUHHNLQGVRIVXUIDFHDUHDVDQGSRUHYROXPHVDVZHOODVWKH
DYHUDJHSRUHGLDPHWHUVZHUHREWDLQHG$VVKRZQLQ7DEOHWKHVSLQHOVWUXFWXUHFDQLQFUHDVHWKHVXUIDFHSRUH
VL]HRIFDWDO\VWDQGLPSURYHWKHPLFURSRUHVWUXFWXUHRIFDWDO\VWVXUIDFH7KHFDWDO\VW1$ZLWKPRUHVSLQHO
VWUXFWXUH KDV D ODUJHU PLFURSRUH VXUIDFH DUHD DQG PLFURSRUH YROXPH$W WKH VDPH WLPH WKH LQIOXHQFH RI
FDOFLQDWLRQWHPSHUDWXUHRQSRUHVWUXFWXUHFKDUDFWHULVWLFVDOVRVKRZVDFHUWDLQUHJXODULW\)RUWKHVXUIDFHDUHD
ZLWKWKHLQFUHDVLQJRIFDOFLQDWLRQWHPSHUDWXUHWKH%(7DQGPHVRSRUHPDFURSRUHVXUIDFHDUHDLQFUHDVHILUVWO\
WKHQ GHFUHDVH :KLOH IRU PLFURSRUHV WKH YDOXH NHHSV LQFUHDVLQJ 6LPLODUO\ WKH WRWDO SRUH YROXPH DQG
PHVRSRUHPDFURSRUHSRUHYROXPHDOVRLQFUHDVHILUVWO\WKHQGHFUHDVHEXWWKHPLFURSRUHSRUHYROXPHFRQWLQXHV
LQFUHDVLQJ ,Q DGGLWLRQ WKHDYHUDJHSRUHGLDPHWHUV DUH LQFUHDVLQJ DV WKHFDOFLQDWLRQ WHPSHUDWXUH LQFUHDVHV
ZKLFKLVFRQVLVWHQWZLWKWKHUHVXOWVRISRUHVL]HGLVWULEXWLRQVKRZQLQ)LJXUH$FFRUGLQJWRWKHUHVXOWVRISRUH
VL]H GLVWULEXWLRQ LQ )LJXUH  WKH VXUIDFH RI WKH FDWDO\VW LV GRPLQDWHG E\ PHVRSRUHV  QP :LWK WKH
IRUPDWLRQRIVSLQHOVWUXFWXUHLQWKHFDWDO\VWWKHVKDSHRI1DGVRUSWLRQGHVRUSWLRQLVRWKHUPVJUDGXDOO\FKDQJHV
IURP 7\SH ,9 PHVRSRURXV PDWHULDO IRU 1$ WR 7\SH ,, PDFURSRURXV PDWHULDO  IRU 1$ 7R
FRPELQHGDQDO\]HWKHVXUIDFHWH[WXUDOSDUDPHWHUVZLWKWKHFDWDO\WLFSHUIRUPDQFHRIWKHFDWDO\VWVLQ)LJXUH
EHORZ WKH FDWDO\WLF SHUIRUPDQFH RI WKH SUHSDUHG FDWDO\VWV ZLWK D VSLQHO VWUXFWXUH ZLOO EH EHWWHU ZKLFK LV
FRQVLVWHQWZLWKWKHWUHQGRISRUHVL]HDQGPLFURSRURXVVWUXFWXUDOSDUDPHWHUV6RLWFDQEHFRQFOXGHGWKDWWKH
VSLQHOVWUXFWXUHKDVDSRVLWLYHHIIHFWRQWKHSRUHVL]HDQGPLFURSRURXVVWUXFWXUHSDUDPHWHUVZKLFKDUHDOVR
FORVHO\UHODWHGWRWKHFDWDO\WLFSHUIRUPDQFHRIWKHFDWDO\VW 
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7DEOH6SHFLILFVXUIDFHDUHDDQG3RUHVWUXFWXUHSDUDPHWHUVRIIRXUIUHVKFDWDO\VWV 
6DPSOH 6%(7PJ 9WPJ 'SQP 6%-+PJ 
9%-+
FPJ 
67SORW
PJ 
9W3ORW
FPJ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)LJXUH3RUHVL]HGLVWULEXWLRQDQG1DGVRUSWLRQGHVRUSWLRQLVRWKHUPVRIWKHIUHVKFDWDO\VWV6ROLG
$GVRUSWLRQ2SHQ'HVRUSWLRQ 
5HIRUPLQJRIVLPXODWHGS\URO\VLVJDV&+&2 
&DWDO\WLFSHUIRUPDQFH 
7RHYDOXDWHWKHFDWDO\WLFSHUIRUPDQFHRIWKHFDWDO\VWVZLWKWKHVSLQHOVWUXFWXUHWKHIRXUFDWDO\VWVZHUH
DSSOLHG WR WKH UHIRUPLQJRI VLPXODWHGS\URO\VLVJDV &+&2%HIRUH UHIRUPLQJ WKH IRXUFDWDO\VWVZHUH
UHGXFHGDWWKHWHPSHUDWXUHREWDLQHGIURP+735UHVXOWV7KHGHWDLOHGUHGXFWLRQFRQGLWLRQVRIIRXUFDWDO\VWV
DUHSUHVHQWHGLQ7DEOH67KHFDWDO\WLFSHUIRUPDQFHRIIRXUFDWDO\VWVDW&DQG&LVVKRZQLQ)LJXUH
2EYLRXVO\WKHUHVXOWVVKRZWKDWWKHFDWDO\VWVZLWKVSLQHOVWUXFWXUHFDOFLQHGDWUHODWLYHO\KLJKWHPSHUDWXUH
KDYHDEHWWHUFDWDO\WLFSHUIRUPDQFHLQUHODWLRQWR&+FRQYHUVLRQLQ)LJXUHDHVSHFLDOO\IRUWKHFDWDO\VW
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1$7KHFDWDO\VWZLWKPRUHVSLQHOVWUXFWXUHKDVEHWWHUPLFURSRURXVSURSHUWLHVDQGELJJHUSRUHVL]HZKLFK
FRXOGFRQWULEXWHWRWKHDGVRUSWLRQDQGDFWLYDWLRQRIWKHUDZIHHGVWRFNJDV$QGWKHVPDOOHUFU\VWDOOLWHVL]HRI
WKHVSLQHOFDWDO\VWVFDQSURPRWHPRUHIHHGVWRFNJDVWRSDUWLFLSDWHLQWKHUHIRUPLQJ,QDGGLWLRQZHFDQDOVR
DQDO\]H WKH UHDVRQZK\ WKHFDWDO\VW1$ZLWK VSLQHO VWUXFWXUH LV VXSHULRU WR WKHFRQYHQWLRQDO DOXPLQD
VXSSRUWHGFDWDO\VW1$LQWHUPVRIDPROHFXODUOHYHODQGFDWDO\WLFPHFKDQLVP)LJXUHDVKRZVDWKUHH
GLPHQVLRQDOVWUXFWXUHRIVSLQHO1L$O2FDWDO\VW)RUWKHFDWDO\VW1$ZLWKRXWVSLQHOVWUXFWXUHWKHDWRP
R[\JHQ VXUURXQGV WKH DWRP DOXPLQXP LQ WKH IRUP RI WHWUDKHGURQ WKH DWRP DOXPLQXP LV WHWUDKHGURQ
FRRUGLQDWLRQ+RZHYHULQWKHVSLQHOVWUXFWXUHFDWDO\VW1$2VXUURXQGV$OLQWKHIRUPRIRFWDKHGURQ
DQG$OLVDVWDEOHRFWDKHGURQFRRUGLQDWLRQZKLFKIDYRUVIRUDQWLDJJORPHUDWHDWKLJKWHPSHUDWXUH:KHQ
QLFNHOR[LGHLVUHGXFHG WKHUHDUHWZRR[\JHQYDFDQFLHVDURXQGQLFNHO LQWKHVSLQHOVWUXFWXUHDVVKRZQLQ
)LJXUHEZKLOHIRUWKHFDWDO\VWZLWKRXWVSLQHOVWUXFWXUHWKHUHDUHQRR[\JHQYDFDQFLHVDIWHUWKHUHGXFWLRQ
RIQLFNHOR[LGH%DVHGRQ WKHGHQVLW\ IXQFWLRQDO WKHRU\')7FDOFXODWLRQUHVXOWV IURP7DR WKH UHDFWLRQ
PHFKDQLVPRIPHWKDQHUHIRUPLQJZLWK&2RQWKHFDWDO\VWVXUIDFHFDQEHVKRZQLQ)LJXUHF0HWKDQHLV
ILUVWO\DGVRUEHGRQ WKHFDWDO\VW VXUIDFHDQGGLVVRFLDWHVPHWK\O IXQFWLRQDOJURXSVDQG+DWRPVZKLOH&2
GLVVRFLDWHVR[\JHQDWRPVDIWHUDGVRUSWLRQ)RUVSLQHOVWUXFWXUHFDWDO\VWVWKLVR[\JHQZLOORFFXS\WKHR[\JHQ
YDFDQF\LQWKHFU\VWDOVWUXFWXUH6XEVHTXHQWO\WKHPHWK\OJURXSVZLOOFRPELQHZLWKR[\JHQRQWKHFDWDO\VW
VXUIDFHWRIRUPDOGHK\GHIXQFWLRQDOJURXSVZKLFKFRQWLQXHWRUHOHDVH+DWRPV7KHR[\JHQFRPHVIURPODWWLFH
R[\JHQ RI WKH VXSSRUW RU R[\JHQ GLVVRFLDWHG IURP &2 2EYLRXVO\ WKH R[\JHQ GLVVRFLDWHG IURP &2
RFFXS\LQJWKHR[\JHQYDFDQF\LVHDVLHUWRFRPELQHZLWKPHWK\OWKDQODWWLFHR[\JHQDQGWKHUHGXFHGVSLQHO
VWUXFWXUHFDWDO\VWKDVH[DFWO\WZRR[\JHQYDFDQFLHV,W¶VDQRWKHUUHDVRQZK\WKHFDWDO\WLFSHUIRUPDQFHRIWKH
VSLQHOVWUXFWXUHFDWDO\VW1$LVEHWWHUWKDQWKDWRIWKHFDWDO\VW1$ZLWKRXWVSLQHVWUXFWXUH 
16 
)RUWKHUDWLRRI+WR&2+&2LQ)LJXUHEWKHLQIOXHQFHRIVSLQHOLVQRWREYLRXVDW&7KH
+&2UDWLRVRIWKHIRXUFDWDO\VWVDUHFORVHWR+RZHYHUDW&WKH+&2UDWLRVRIIRXUFDWDO\VWVKDYH
REYLRXVFKDQJHV:LWKWKHLQFUHDVLQJRIVSLQHOSURSRUWLRQLQWKHIRXUFDWDO\VWVWKHUDWLRRI+&2LQFUHDVHV
&RPSDUHGZLWK1$ WKH+&2UDWLRRI1$ LVFORVHU WR$VZHDOONQRZWKDWGU\UHIRUPLQJRI
PHWKDQHVHUYHVDVWKHPDLQUHDFWLRQLQWKHUHIRUPLQJV\VWHPUHYHUVHZDWHUJDVVKLIWRFFXUVDVWKHVLGHUHDFWLRQ
$WćWKHVLGHUHDFWLRQUHYHUVHZDWHUJDVVKLIWZRXOGFRQVXPHWKHK\GURJHQDQGFDXVHWKH+&2UDWLR
OHVVWKDQ+RZHYHUEHFDXVHRIWKHELJJHUSRUHVL]HGHYHORSHGPLFURSRURXVVWUXFWXUHDQGVPDOOHUFU\VWDO
VL]HWKHFDWDO\VWVZLWKVSLQHOVWUXFWXUHFDQDOORZPRUHIHHGJDVWRSDUWLFLSDWHLQWKHUHIRUPLQJUHDFWLRQRQWKH
FDWDO\VWVXUIDFH$WWKHVDPHWLPHWKHXQLTXHFU\VWDOVWUXFWXUHFDQSURPRWHPRUH&2WRGLVVRFLDWH2DWRP
ZKLFKFRXOGLQKLELWFDUERQGHSRVLWLRQDQGSURPRWHWKHRFFXUUHQFHRIWKHPDLQUHDFWLRQ,QDGGLWLRQIRUWKH
VHOHFWLYLW\RIK\GURJHQLQ)LJXUHFLQPRVWFDVHVWKHVHOHFWLYLW\RIK\GURJHQLVFORVHWRZKLFKLQGLFDWHV
WKDWWKHK\GURJHQHOHPHQWIURPWKHPHWKDQHLQYROYHGLQWKHUHDFWLRQLVFRQYHUWHGPRVWO\LQWKHIRUPRI+
%XWIRUWKHFDWDO\VW1$ZLWKRXWVSLQHOVWUXFWXUHWKH+VHOHFWLYLW\DWUHODWLYHO\ORZWHPSHUDWXUHLVEHORZ
ZKLFKLVDVFULEHGWKDWK\GURJHQLVFRQVXPHGE\WKHUHYHUVHZDWHUJDVVKLIWUHDFWLRQDWORZWHPSHUDWXUH 
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)LJXUH&DWDO\WLFSHUIRUPDQFHRIIRXUFDWDO\VWVUHGXFHGDWWKHWHPSHUDWXUHRI+735UHVXOWVD&+
FRQYHUVLRQUDWLREUDWLRRI+&2F+VHOHFWLYLW\&DWDO\VWGRVDJHJ&2P/PLQ&+
P/PLQ1P/PLQ*+69P/PLQJ5HIRUPLQJ7HPSHUDWXUHć DQGć 
 
)LJXUH6FKHPDWLFRIWKHWKUHHGLPHQVLRQDOVWUXFWXUHRIVSLQHO1L$O2FDWDO\VWD6FKHPDWLFRIWKH
VXUIDFHRIVSLQHO1L$O2FDWDO\VWEDQGUHDFWLRQPHFKDQLVPF 
6XUIDFHFRNHDQDO\VLV 
,QDGGLWLRQWKHVSLQHOVWUXFWXUHDOVRKDVDQLPSDFWRQWKHDQWLFRNLQJSURSHUW\RIQLFNHOEDVHGDOXPLQD
FDWDO\VWV 7R LQYHVWLJDWH WKH DQWLFRNLQJ SHUIRUPDQFH RI WKH FDWDO\VWV ZLWK VSLQHO VWUXFWXUH 1L$O2
WHPSHUDWXUHSURJUDPPHGR[LGDWLRQ732ZDVXQGHUWDNHQIRUWZRVSHQWFDWDO\VWV1$DQG1$DIWHU
FDWDO\WLFUHIRUPLQJDW&DQG&7KHUHVXOWVDUHSUHVHQWHGLQ)LJXUH%HIRUHWKH732H[SHULPHQW
18 
WKH VDPSOHVZHUHSUHWUHDWHG DW &XQGHUQLWURJHQ DWPRVSKHUH WR HQVXUH WKDW WKH VDPSOHV FRQWDLQHGQR
FU\VWDOZDWHU7KHUHIRUHWKHSHDNVRQ732FXUYHVLQ)LJXUHFRXOGRQO\EHFDXVHGE\WKHR[LGDWLRQRIFDUERQ
GHSRVLWDQGQLFNHO2QHUHVHDUFKUHSRUWHGWZRNLQGVRIFDUERQVSHFLHVRQWKHFDWDO\VWVXUIDFHRI1L$O2
ZKLFKDUHWKHDPRUSKRXVW\SHFDUERQDQGLQHUWW\SHFDUERQUHVSHFWLYHO\7KHDPRUSKRXVFDUERQRUDFWLYH
FDUERQFDQEHR[LGL]HGEHORZ&DQGWKHLQHUWFDUERQRUFRNHFDQEHR[LGL]HGDERYH&7KHQLFNHO
SDUWLFOHVFDQEHR[LGL]HGEHWZHHQ&DQG&$QRWKHUUHVHDUFKDERXWWKHR[LGDWLRQNLQHWLFVRIVPDOO
QLFNHOSDUWLFOHVDOVRSURYHGWKDW WKHVPDOOQLFNHOSDUWLFOHVFRXOGEHR[LGL]HGEHWZHHQ&DQG&
%DVHGRQWKHVHUHSRUWVZHFDQLGHQWLI\WKHVSHFLHVRQWKHFDWDO\VWVXUIDFHE\GLIIHUHQWR[\JHQFRQVXPSWLRQ
SHDNVRQWKH732FXUYHV7KHUHDUHWKUHHR[LGDWLRQSHDNVRQWKH732FXUYHVRIWKHWZRVSHQWFDWDO\VWV7KH
ILUVWSHDNDWD WHPSHUDWXUHEHORZ& LV WKHR[LGDWLRQSHDNRIDPRUSKRXVFDUERQ WKHVHFRQGSHDNDWD
WHPSHUDWXUHEHWZHHQ&DQG&FRXOGEHDVVLJQHGWRWKHR[LGDWLRQRIQLFNHOSDUWLFOHVDQGWKHWKLUGRQH
QHDU&FRUUHVSRQGHGWRWKHR[LGDWLRQRILQHUWFDUERQRQWKHFDWDO\VWVXUIDFH6RERWKWKHDPRUSKRXVDQG
LQHUWFDUERQVSHFLHVDUHORDGHGRQWKHWZRVSHQWFDWDO\VWV*HQHUDOO\WKHDPRUSKRXVFDUERQLQWKHUHIRUPLQJ
SURFHVVLVHDVLO\R[LGL]HGE\&2+RZHYHUH[FHVVLYHDPRUSKRXVFDUERQZLOOEHFRQYHUWHGLQWRLQHUWFDUERQ
ZLWKWKHUHIRUPLQJSURFHHGLQJWKXVOHDGVWRWKHFDWDO\VWGHDFWLYDWLRQ$VFDQEHVHHQIURP)LJXUHWKHDPRXQW
RILQHUWFDUERQRQERWKWZRVSHQWFDWDO\VWV1$DQG1$LVYHU\VPDOOZKLFKLVGXHWRWKHIDFWWKDW
WKHWZRFDWDO\VWVVDPSOHVGLGQRWUXQIRUDORQJWLPH+RZHYHULW¶VREVHUYHGWKDWPRUHDPRUSKRXVFDUERQ
GHSRVLWHGRQWKHVXUIDFHRIFDWDO\VW1$ZLWKRXWVSLQHOVWUXFWXUHWKDQ1$LQFOXGLQJVSLQHOVWUXFWXUH
ZKLFKSURYLGHVDEXQGDQWFDUERQVRXUFH WKDW LVPRUHHDVLO\FRQYHUWHG WR LQHUWFDUERQDQG OHDGV WRFDWDO\VW
GHDFWLYDWLRQ7KHFDWDO\VWZLWKVSLQHOVWUXFWXUH1L$O2SRVVHVVHVVPDOOHUQLFNHOSDUWLFOHVL]HZKLFKOHDGVWR
DEHWWHUFDUERQHOLPLQDWLRQSHUIRUPDQFH7KLVLVIDYRUDEOHIRUDQWLFRNLQJ$WWKHVDPHWLPHFRPSDULQJWKH
19 
R[LGDWLRQWHPSHUDWXUHRIWKHDPRUSKRXVFDUERQRIWKHWZRVSHQWFDWDO\VWVLWFDQEHIRXQGWKDWWKHDPRUSKRXV
FDUERQVSHFLHVRQWKHVXUIDFHRIWKHFDWDO\VW1$LQFOXGLQJVSLQHOKDVDKLJKHUR[LGDWLRQWHPSHUDWXUHGXH
WRWKHGHYHORSHGPLFURSRURXVVWUXFWXUHRIWKHVSLQHOVWUXFWXUHZKLFKUHVXOWVLQDPRUHFRPSDFWFRPELQDWLRQ
RI WKHGHSRVLWHG FDUERQ DQG WKH FDWDO\VW&RPELQHGZLWK WKHSUHYLRXV FDWDO\VW FKDUDFWHUL]DWLRQ LWPD\EH
VXJJHVWHGWKDWWKHPDLQSURSHUWLHVRIWKHFDWDO\VWZLWKVSLQHOVWUXFWXUHWKDWDIIHFWWKHFDWDO\WLFSHUIRUPDQFHDUH
SRUHVL]HPLFURSRURXVVWUXFWXUHVPDOOFU\VWDOOLWHVL]HDQGWKHLQWHUDFWLRQEHWZHHQPHWDODQGVXSSRUW7KHVH
IDFWRUVPDNHWKHFDWDO\VWSRVVHVVKLJKHUFDUERQGHSRVLWLRQUHVLVWDQFHDQGVLQWHULQJUHVLVWDQFH 
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)LJXUH2732RIWZRVSHQWFDWDO\VWV1$DQG1$ 
%LRPDVVS\URO\VLVUHIRUPLQJ 
7KHUHIRUPLQJRIVLPXODWHGS\URO\VLVJDV&+&2LVMXVWDPDLQUHDFWLRQLQWKHELRPDVVS\URO\VLV
UHIRUPLQJV\VWHP,WLVDOVRQHFHVVDU\WRDSSO\WKHDVSUHSDUHGFDWDO\VWVWRWKHDFWXDOUHIRUPLQJRIJDVHRXV
SURGXFWV IURPULFHKXVNVS\URO\VLV WR LOOXVWUDWH WKHFDWDO\WLFSHUIRUPDQFH7KHUHIRUH WKHIRXUQLFNHOEDVHG
DOXPLQXPVSLQHOFDWDO\VWVZHUHDSSOLHGLQWRS\URO\VLVUHIRUPLQJRIULFHKXVNVLQUHODWLRQWRV\QJDVSURGXFWLRQ
WRIXOO\GHPRQVWUDWHWKHSHUIRUPDQFHRI WKHFDWDO\VWZLWKVSLQHOVWUXFWXUH7KHIRXUFDWDO\VWVZHUHUHGXFHG
ILUVWO\7KHGHWDLOHGUHGXFWLRQFRQGLWLRQVRIIRXUFDWDO\VWVZHUHWKHVDPHDV7DEOH67KH\LHOGPDVVEDODQFH
20 
DQGJDVFRPSRVLWLRQVRI&2+&2&+DQG&&K\GURFDUERQVGXULQJWKHS\URO\VLVUHIRUPLQJRIULFH
KXVNVDUHSUHVHQWHGLQ7DEOHDQG)LJXUH  
$VVKRZQLQ7DEOHWKHFKDU\LHOGLVVWDELOL]HGDURXQGZWVLQFHS\URO\VLVRIWKHULFHKXVNVLQ
WKHILUVWVWDJHUHDFWRUZDVWKHVDPHIRUHYHU\H[SHULPHQW7KHPDVVEDODQFHRIWKHIRXUJURXSVRIH[SHULPHQWV
ZDVDERYHZKLFKLQGLFDWHV WKHUHOLDELOLW\RI WKHUHVXOWV$VWKHFDOFLQDWLRQWHPSHUDWXUHLQFUHDVHV WKH
VSLQHOVWUXFWXUHIRUPHGLQWKHFDWDO\VWKDVDVLJQLILFDQWLPSDFWRQWKHFDWDO\WLFSHUIRUPDQFHRIWKHFDWDO\VW
7KHV\QJDV\LHOGZDVVLJQLILFDQWO\LQFUHDVHGIRUWKHFDWDO\VWZLWKVSLQHO1$FRPSDUHGZLWKWKHFDWDO\VW
ZLWKRXW VSLQHO 1$ 7KH UHVXOWLQJ VSLQHO VWUXFWXUH LQ FDWDO\VW DOVR KDV D VLJQLILFDQW LQIOXHQFH RQ WKH
SURGXFWJDVFRPSRVLWLRQ,WFDQEHREVHUYHGIURP)LJXUH WKDW WKH&2SURSRUWLRQJUDGXDOO\ LQFUHDVHV+
SURSRUWLRQLQFUHDVHVUHPDUNDEO\DQGWKH2&+DQG&&K\GURFDUERQVGHFUHDVHFRQWLQXRXVO\&RPSDULQJ
WKHFDWDO\WLFSHUIRUPDQFHRIWZRW\SLFDOFDWDO\VWV1$DQG1$LW¶VIRXQGWKDWWKHSURSRUWLRQRIV\QJDV
LQSURGXFW JDVRI S\URO\VLVUHIRUPLQJXVLQJ1$ZLWK VSLQHO VWUXFWXUH LQFUHDVHV VLJQLILFDQWO\$QG WKH
FDWDO\VWZLWKVSLQHOVWUXFWXUHDOVRVKRZVWKHEHWWHUFDWDO\WLFSHUIRUPDQFHRIKHDY\K\GURFDUERQ&&WKDQ
WKHFRPPRQQLFNHOEDVHGDOXPLQDZLWKRXWVSLQHOVWUXFWXUH%XWWKHSURSRUWLRQRI&2LVPDLQWDLQHGFORVHWR
$IWHUWKHDGGLWLRQRIVWHDPWKHPDLQUHDFWLRQLQWKHV\VWHPLVRFFXSLHGE\VWHDPUHIRUPLQJDQGWKH
K\GURFDUERQVIURPS\URO\VLVDUHSUHIHUHQWLDOO\UHIRUPHGZLWKVWHDP  
7DEOH0DVVEDODQFHIURPS\URO\VLVUHIRUPLQJRIELRPDVVZLWKIRXUFDWDO\VWV 
&DWDO\VWEHG 1$ 1$ 1$ 1$ 
&KDUZRRGZW     
6\QJDV\LHOGPPRO+JVDPSOH     
9ROXPHUDWLRRI+&2     
0DVVEDODQFHZW     
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5LFHKXVNJ&DWDO\VWGRVDJHJ1
IORZUDWHP/PLQ:DWHUP/K3\URO\VLVWHPSHUDWXUHć5HIRUPLQJWHPSHUDWXUHć 
4. Conclusions 
,Q WKLV ZRUN WKH UHODWLRQVKLS EHWZHHQ WH[WXUDO SURSHUWLHV RI VSLQHO LQ QLFNHOEDVHG DOXPLQD DQG WKH
FDWDO\WLFSHUIRUPDQFHKDVEHHQLOOXVWUDWHGin two reaction systems of simulated pyrolysis gas (CH4+CO2) and 
real reforming of gaseous products from rice husks pyrolysis with four kinds of nickel-based alumina catalysts. 
,W¶VLQGLFDWHGWKDWWKHVSLQHOVWUXFWXUHFRXOGLPSURYHWKHFDWDO\WLFSHUIRUPDQFHDQGWKHDQWL-coking property of 
the catalysts. In the actual reforming of gaseous products from rice husks pyrolysis, the spinel structure 
catalysts showed better hydrocarbon conversion performance and higher syngas yield. Various 
characterization results combined with mechanism analysis proved that among various structural parameters, 
the spinel structure could improve the surface microporous properties and increase the pore size of the catalyst, 
which is closely related to the catalytic performance. When a spinel structure is formed in the catalyst, the 
nickel species will change the existing form, which also has a significant impact on the performance of the 
catalyst.Generally, the catalyst with spinel has a better catalytic performance and ability of anti-coking. 
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